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Abstract

An introduction to the i_ubj,:ct of I,aay<*n xm:nt,,-r m,li-,',m_,.rv:.._ hm i,_ ,he ,.b-.,'-

trowoak t!m,_ry ._1 hig.t_ _emperatures or caer_.ic_ is followed by a sunlm_y v:' dlir

'.iiSCOvCry of mu ml;nite stlrf,_c ,}f _ ' "sp,,&i,-_l(,li*,,k,: ,,,tigu_,,ti,,_.., ,_hic], i,i:_y it ",.y

rolP ill b_ay,m-,mmber non-conscrvin_ transitions in a hot o!ectroweak ' -
p,.'k'; rli&.

Talk given by O.T. at the meeting (_f the AmPrl,'a_i lqLV._i,.M S,,,'i,.ty, Divi_i,,n ,,f l'a_ticl,-,

and Fields ,'.I.)1)1-'9C,) ih Mi_m,.at,,,li. % 'vlim:,.'s _';t .k_z'zst i0-15, lt)'O6, to ;i;:;)e._ il: t:;,"

pruceediz,lzs.
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1 Introduction

-kny etertroweak e,au_e theo"y lmilt o:l .q.U{2)xi.,[t) with chirM [e.:ai,,nn. _u('h _ the"

,ql&Fld&rd _,ohe[, Dernllt._ IlOFl-pcrtlll|)at ivc plOC_s.--es that do ii_)_ ,,'i)li_,q"¢_ _ [)&lVoli i|i;ili[)dl-

{B','. The proct_scs are associated with a,._. ener(v bm,ier of height E,_,,, _- 4M;v,;,_,. _ id

6" ,*TeV thal sui)i)r÷_-es the ;.'alilieling ra:e at zero enerjLv and temperature a_;l: a ,,, .... i

exp1-4.,/(x,. ) _ c . The /3 :ran-conserving transition rates beeomu u:t._,qqn,.'n:.,'d i'l a

high-temperature elect roweak pi,_ma and po_tl)iy ai._) in I;igi>rn('rgy pa" rt.c,_'_, coh_:,,.u.n..,""' t l.;

Vv'ithin an ,_xten,_l,*d Stahdard N'.... le,_ the" oh,.;,.rv,',] ,.x. ,_. ,,f _c:atlel _er',u-, ,,htimall_-i

in tile unive:'se .,nay be explained ,%s oriail:ati,lg fr.):n B lli_Ii-t.'oli.'at'rv:.ll_ ]}roci'ss,'s i': : ;l,'

hot elertroweak oha.so, translthm _,/" Z It;l) - ,,rid"'' (,c\ i. ll, ;;i;i[| |],a.,t',,'b, hl.gh-clo'rgy ,"...." l-

siolls with a center-of-maw t't:ergy _" ;' !l:t.._ be,..:| n;,_)x_ |_ I)e':t',l:'k,:ttiveiv ti._al ti:,, , ..... '; ....

croNs-scclion incr(:_usra , u £.4a ¢._ .. -. r.. hut '; ,. i),.r:-. ' ..... - -. ' .....cxi_ol3clhtat,,;' _i1 ,*** ,,2, --.. ,..,p._ ,,, ,,r,,,t ,.,

b,.vomes unr,qlul)le for E 5. E,.._,. .No,.t-p,',".:_:bative alq)r,_a,-'.,,,_ t_; l,:_,:'i,-_ ,.,,n,_,'lim: a'

_',igh-E coiIiaions a_trm't much interest and require further s:ud,'.

13,'ran..,' of th." ,'hiral a ,,I :.t,_' the ],,tcx(,_. tmm,L,._ ;-.' r, ,al,-_,_ t,, tt,,. Ct,,._l,-.qh,.,_,.

f" ; l-mm_ber .No.s, which char,,wteriz,:s tim wiudh:g of :t:e aa_:;_' :.'.(...., by _he (',m._;mvatio:_ l.t:_

_(./;/- nv._,'cs) , t) wb, crc n_. _s the r, umb0r af ¢.... "- " ",,_,.h.,_. 11 rl,-m.,c,:_sc:','.li_)tl "_. _h,.;, L,r,.

m'(',n,q_a, ded by tang,e, ron-,.-,,,ul,a_tiv_. ,]_an_;e._ ill _h,-" _at,!:_' [iei(!s ,,-_-_p,,l_,ii!_a ,..

trans{tions between degenorate mm;:na of the S[.,,.)×I, 1 : vau::mm. '_ ..... ; ....

I integ,.r ,V(. 3, is _ cvas('queuce t,f the facti,'.thfite mmd_er of such ,ainima, lab,'.ed by an

that the S[;:.2) field tensor ii'A :th,- .¢,quarr ,;f which api),'ar.; _n ;ta. ,'m rg.yl hc,,,m,'s ,',':,

_vlml:,.'.'or _', _ II;a,t4 i_ ,,f tlm p,[,--Fau?*- f(,llll

• . ', ....... , .... _ [_',' a hi;:?" :'::erzvtwo adjacent '::in::na .\'_.. = ,'_ a_:(t .\,-_ = r: ÷ 1 :: C g. a:e ..., ..........

I,,_rri,-r. The highent [nfin: c,n the I,,w,'._t ].,<_it/,," i;a_b ,urc,._ tL,. b.,,li,,_ ,,,ll,'-.l.,m:., :,,

the enerKy E.p_, and has beon ide_ltified :t.- the spha_.ct,.: _)h,ti,m ;): it is a :;;u!,ile ;)i_l:_

t" '
i_, ,_,nfigurati,,n .lmr,' with ,,_,lv t_v, .... .-,," , _._, ,li_,.,:l,,_-,,_.I ('h,',,,_-_;i_i,,l_. !_'_n_:,,'_
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2 Baryotx number non-conservation in a hot elec-

troweak plasma

tu a hot eiectrowc_: pla.sma .\/3 _ 0 proce.-.se_ h._," 1.,vn ,.l:,m_h, c. _.-',:u, via c!;_-

sical thermal fi|l_:tllali,_lls a,'lo-,s th,-. barrier throu_|,, the si.ha!eron sa&l!," p,)it:, I:,,r

tempert_tures Y _._ E.p_,. tl, c tran.sitioa rat.e I" is prolw, rti,_urd ,_, th,. 13,,ltz,ua,m fwc

tor exp_ - E0ph,/T_. For ternl_eratures in the ran;me Mw ~< T._ E.p_, Gaus.sian fliwtuati_m.

abt, ut the spha!eron produce a ptef_'tori3 ] ._.l_t i(.pt,./l') a, t_c,'aus,. ,,f ,he pr,.f_,'t,,r, the

•"_an..t.on._; ; rate would do,',,.a..;_ steeply at }.igh te,npe:atur,'_ t. "l'i:i_ result is it, c_mtradw-

,h_l with a scaling ar_,umeut suggesting tilat F -_ l _4 ;n th,. _v,,,,,:elli, I,l,_L-e (7" {,elm;

tim only din'_cn.,ic, nful paramrt,-rj, _:. _.,_II r,.-, _ith iatti,v real tin,.c sil!llli&litl[l._;[_i {tint

_''f F = _(,,_,'1")", _ _ 1.

in a recent publicationi6 ] ;re hw,'," shown th,. rxi.',.tt,',. ,ff an inlivit," "'._urf:we" of

configurations v,itt, ._l_hai,:zon-lik,- Im,perti+_. on wt-ich the sphaleroa c,mfig,',_,;_:',m is "h,.

p,_il,t ,_f ,,,west enc.rg.v. "I'hese configurations mctii_le /3 non ,'onserv,ng l,_,,,',-.-..,'._ in 'h,."

hot broken pb.:_e a.s well n.s in th,-, sy,n,n,.t_,' i,:_a..,. F, ,_ '"':l'"' a_,,,',.s T 5 E,,,,. the 1:.'_;_,

ai,{litv. ,_;",'!,ermal ._tuct_ati_m_ -,,';'_'..... cnertzv E > E._,, is c_a.sidc,al_le, ,,.,,"'' ,,_-,,,'_ ,',..-s_,'.u'" '

paths other "_|lall those icaxiing ;hro;_h tl',r ._t)hal--r,,r, are .r,',..ssil_l¢- _tnd ctu:trib,lte to

tl;_. ;ran._iti,-,,, ,_,l,_. Th,- perturbative ex;)ansiott {krmlnd '_i;¢":q}hatlerc, t_ i._ u_t,.ti,dd,, f,,r

g 2 E.,.}, partly be, ause. ,n rmr vww, lho ,imltltu,{,_ ,,f._ph;u+.,lo,,-,z_,, om/;.t_uratiozm ;vzra

encr.g_." _ze_tr /_J,p_ i._ n_t l,,,,perly _u',',_,_nh'd f,)r ]11 tt;a.t avproxilnal;.n

I i'.CCOII_- c21Jc'lll_'ktlOn.g (If _l,_&*:.ll:(" aa,,l f,.t,,.l,m,, i-l,,,.t) , ,, ,,., ,i,,,,- ,,) ,i:," 'r,x,:-t,,(,n rat," ,;:) ;)ot ._::c,'t

,':o pr#fx,'_ur: ec t(ef. _ and _e[trrm('xtk,.tcm.
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3 Infinite surface of sphaleron-like configurations

St.'haleron-!ike conf, guratio,as _ can be identified through the following observations a!mu:,

h_.e sphalert3n .._lut_on [2]: _i) its gauge fi*",d is. ,.td, II',(a:) = -It',(a-), un,I apt,r,,achos

i'he f()r!ll ( l ) at intiPity, where {'{a_) is likewise odd. ('ii'_ it h:Ls a half-in'-r_er Chern-Sm_,_ns

nm:zber .\",-._ = n + 1/2, n E Z, _iii) the Dirac e(luaiioa m t,h,, ,.l_hal,.r,m g,_lrt,'-fi,'l,t

|>,qckgl','O;lld ]lA.-a t'XttC.'.lv '.)il" zP.ro-I!lOC_¢'. For thi.,, I'(?it.s_Hi, t)lit _ ['_rqlllit)l| _'Iit'll_.v l,.v,q cluasc_

zero in a transition througk the sphaler_m. In the D_rac a-a pi,:tm-,., thi_ i. ,,,l|_i_|,.it(

with the crea.ti,m ,;r ,l,,..rnu,.xi,m ,,f a I,a_y,,n (anti-l,.tr.voa). ht fa,:_. I,n_v,,n mtmb,., :lotl

conservation requires, in additim" to a change in C}tcrn-Sin;c, ns numtwr, lh,. ru,._..mg ,,f

an _¢!,t number .f fernuon eaetgs" l,'v,'Is.

T]t-" prgperty _i) leads u_ to consider the _. zs _,f _.n, r_K:zc:' odd :ie:de ,

II',{-a'_ .= -_t',s'(m )- -15,'{.r)I;" (a-)5 _(:e)-.-,,';,",'(a',._-'_.,.'.'_. _2_

for same element S of :l:e gau;.c group. This ,-ta_.a ,,f nehl. in,'hi, h'_ zh,. ,,,h; :: ',d._ l,,,t

is muck larger. l'h_- d,,_*iliili,_,l| {2 3 ,,f .g,'.'W_i,]i/,',l ,,,hht,'_-_- i.._;i.ug., im:triat,¢. All ,,'>,,'l*s

l,r,'._ent,._t below have bee,, cAmdned fur geueraiized odd fields [6]. but for simplicity w,,

restric t to ordinar;" odd fi('hl.a in tl_is pr.'scntati.n.

Frma l,r,',p,,r_y (i) _.ml Eq. ( 1} ,m,' ea.sily derive._ "hat 0, i(.: ',, -- _ :.(.'! x:] .-- 0. a::d tku,;

U(z'_ = *_+_U(-_I a_ {z i --, _. Th,- et_.q_ _." odd llolds lhcr,.f,,ue xlat_,ally N,,Ir. i,,h, t_,,

,lis,'o_;n,-rt,.l ,'i_..-,_, f,.,r _hi,'h _,,|e ,:an bht)w the folbJwim4: Fields w:;i: even U :t.t in:imtv

!:ave integer :\7._ and are con',i,m_.usly ranncetvd t,, at Iliir;ill]l;ill ,-,f |]_," '.,._,',,q,,_ lhl, ,,t,t_'!

,,,hl-parily fi,'ht_. Fi,-hls with ,,,hi /_" _t_ infi,fity have tmlf-inteaer A;-; ard are ca::,mmn::_

deformatians of the sphalero:_ wit!tin "he c!_.s _>fodd-panty Ii,.l,t:, 't

'[h.:' l)ira_ ,.,O,',tti,,n ;lJ a l,_,,'kg_,,_,.,l ,,f _.M-p:uit.. l_,,[_is II', _-irL ,_dd [" car. i,,.

SllOW:l to ]Ia, vt" &It odd "lUll:loer of ;5c7o Iz;:)dc5. T_lcrcfla( ;t t r_msa_,_;_ l_,i,,li¢ll ,,:iv _,,_, I,

,-,l_halvron-like c_mlip_iya,/il-_i_ will l,.,.t _,, _1,,. ,_,,-_it,_, ,,f a_, ,,,I,t t,t,t_:l.... _.f f,.':p::,_:l ,,I:,,._:

_F,,r ",im,di,'i_._ w," pr,:'_,'vt in,'r_" only th,. (_s_ _ 51.t121 l_.d ",'amM_mR 'lul, at'._'a l't,Mthl_S. }',,7 h_O;e
g,',,,'r_d _'_,._-.,. ',,'e II..f 6 aim rvIer,,m'os th,.r,.in.

'_T;,,..,,. r0.,,,,lt,, h_v,. an in,l,.p,'n,t,,,tt pro,',f ",_'ithm the thc_rv ,_t hom,_',_I,', gr,_:ii,s ,f [na!,_[h';
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]m'els. The proof is simple: Consider an elgenfuacti()n r(x! t,) the thl,.,--,Ih.,...:i,_,n_,i

Dirac equation ,Li_0, - l;,;t,ix) =_ Ft.,,.,r) with ,,n.lg} E _ 11 Tt.t,:: _.'(-x) is a::

,qgrnfu:.-t h,n ,',,zr,_.-p_)mting tc the energy ei_,et:va!at: - E. Th:l._. non-zero eigenvables

ale paired (E,-E".. Consider now a continuous deformation c,f th," ._,mg,. t;,.l,I a_.ay fi.::,

the ._phaleron. in who_. harkgr, mlM field _e know that the I)ilac etH:ation h_ one zero-

me, i,,. Ab the field is x'axit_,l within the el_ of odd parity li_,lds, po._it;ve au,t i,,g._i_e

eigenvMues will app,.ar o_ disappear in paiI_, awl th(. mJ,nb-,- _)f z('ro ,r.odt._ will stay

,,,hi.

.-\hhough there is no rea..m_ h> b,qhw,, )hat a_l B n,,n-,',,.s,.rvin_ proc(-sbes (,true i_:

1),tn.-i(i,.,ns (hro,_gh _>dd-parity odd-U fields, lhere is an argume:;: which sugg,.s_,_ t h,_l

such configurn.liona are energetically fav(,r,_| ia lh,.r)n.d )l)_,:t.alh,ns i:,.ar ;u:(l a},()v(" E._)..

Pllt hl _;)li,,r w,_r(t% th.. energy ris_. slet.l)i,, Io iuaccexsibie values ;_, (m," a.-.-cnd_ from t I,,'

_phalero_: i:t aii directio_;s e×cept dong the add-t)ariLv ,',,M]._ura;i,,),.. Th,- .iml)3" ,,'_--,m

is that the ener_" fim,'ti,,nal i-_ invnria_,l whc,_ ;I:(w) -- - i_.i--x_ %r an arb:trary _4"I_I

;I;. au,l the odd-,)arity fiehis constitute a lix!)_)int _md,'r lhi_ tra_ ,.t,,t niati, q:

4 Conclusi--m,

\_\" find a_ infinite set of configa_rat_ons oth.-r than th,. _l)hM,.r,)n which are the h)ci

of %rmir,a ei_orgs'-l,.v,q ,'_()'..iags in baryon number non-ccn_rwng thermal tr;,a_,t_(,:_._

Ti'is result is independent of the Htggs _,ctor attd ad)l)li... ,_,i, tath" I() tit,: brokett ami "it('

symmel tic l,ha..,'._. Th,- contigurati:ms, odd under a ge-.eraiized parity, are ra._flv _'x,'t¢,',l

:iaernrally for T£ E,p_ and play a key role tn t,axyon mtml,,-_ m,_,-c(,._,., ,ira'. transilioqb

_,;_ a hot ele('t[,,woak t)l_._ma. Their rehw;mce _,_ ifigi_-('nrr_,'3" coilis_,,_,_ r,,m,ti,. ;,, I,,.

in:-cstigc.t(:d.
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